Autism spectrum disorders (ASDs) are neurodevelopmental disorders caused by various genetic and environmental factors that result in synaptic abnormalities. ASD development is suggested to involve microglia, which have a role in synaptic refinement during development. Autophagy and related pathways are also suggested to be involved in ASDs. However, the precise roles of microglial autophagy in synapses and ASDs are unknown. Here, we show that microglial autophagy is involved in synaptic refinement and neurobehavior regulation. We found that deletion of atg7, which is vital for autophagy, from myeloid cell-specific lysozyme M-Cre mice resulted in social behavioral defects and repetitive behaviors, characteristic features of ASDs. These mice also had increases in dendritic spines and synaptic markers and altered connectivity between brain regions, indicating defects in synaptic refinement. Synaptosome degradation was impaired in atg7-deficient microglia and immature dendritic filopodia were increased in neurons co-cultured with atg7-deficient microglia. To our knowledge, our results are the first to show the role of microglial autophagy in the regulation of the synapse and neurobehaviors. We anticipate our results to be a starting point for more comprehensive studies of microglial autophagy in ASDs and the development of putative therapeutics. 1 Various genetic studies suggest the association of ASD with abnormalities in cellular pathways related to postsynaptic glutamatergic synapses.
INTRODUCTION
Autism spectrum disorders (ASDs) are neurodevelopmental disorders characterized by impaired social interaction, communication deficits, repetitive behaviors, and narrow and intense interests. 1 Various genetic studies suggest the association of ASD with abnormalities in cellular pathways related to postsynaptic glutamatergic synapses. 2, 3 Increased dendritic spine density has been found in ASD brains 4 and abnormal synaptic structures were observed in ASD model mice. 5 Postnatal synaptic development is dynamically regulated by concurrent synapse formation and elimination in the mammalian cerebral cortex. 6, 7 A surplus of synapses are formed early in development, more than what are usually maintained in the mature brain. The extra and unnecessary synapses are subsequently eliminated and a subset of synapses is maintained and strengthened. 8, 9 Hence, precise regulation of synapse formation and elimination is important for the normal development of the brain, and reduced elimination of synapses, resulting in an excess, is thought to be associated with neurodevelopmental disorders such as ASD. 10, 11 Increasing evidence suggests a central role for immune dysregulation in ASDs. Several ASD-risk genes are associated with the immune system and maternal immune system-related risk factors are related to ASDs. 12 Microglia, a representative immune cell in the brain, have an important role in synaptic refinement 10, [13] [14] [15] and are also thought to be involved in the pathogenesis of ASDs. 12, [16] [17] [18] [19] [20] Many reports also show alterations in the activation, amount and distribution of microglia in ASD brains. [17] [18] [19] 21 Various studies have suggested that autophagy pathways are involved in the pathogenesis of ASDs. 22 ASD-associated exonic copy-number variants have been reported in the genes coding for proteins involved in autophagy pathways. 23 Autophagy is the catabolic process that sequesters cytoplasm, including aberrant organelles and macromolecules, into double-membrane vesicles and delivers it to lysosomes for degradation and eventual recycling of the resulting macromolecules. 24 Mammalian target of rapamycin (mTOR) is one of the important inhibitory regulators of autophagy induction. 25, 26 Mice with PTEN mutation-mediated mTOR disinhibition, which inhibits autophagy, display autistic behaviors and abnormal neuronal arborization, suggesting that autophagy is deregulated in ASD. 27 Autism-like phenotypes were observed in female mice lacking ambra-1, which is a positive regulator of beclin-1, a principal player in autophagosome formation. 28 Inhibition of mTOR by rapamycin, which activates autophagy, restores autism-like symptoms and improves abnormal neuro-anatomical structures in PTEN mutant mice. 29, 30 Recently, hyperactivated mTOR and impaired autophagy were observed in the post mortem temporal cortex of ASD patients. 11 Accordingly, we speculated that the autophagic processes of microglia might be involved in synaptic pruning and wondered if microglial autophagy is also important in autistic behaviors. Although glia are much more abundant in the brain, and were recently identified as having a more important role in the regulation of synaptic activity and maintenance of homeostasis of the brain than previously thought, 19, 23 the relationship between microglial autophagy and ASD remains to be elucidated.
MATERIALS AND METHODS Animals
To generate mice lacking the atg7 gene in cells of the myeloid lineage, including microglia, we crossed Lyz2-Cre mice (stock number 4781; Jackson Laboratories, Bar Harbor, ME, USA) with Atg7 fl/fl mice (provided by Masaaki Komatsu of the Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan). Littermates were used in all experiments. For direct visualization of Cre expression, ROSA26-tdTomato (stock number 7914; Jackson Laboratories) was used. PCR genotyping was conducted with the following primers: 5′-CCCAGAAATG CCAGATTACG-3′ for wild-type, 5′-CTT GGGCTGC CAGAATTTCTC-3′ for common and 5′-TTACAGTCGG CCAGGCT GAC-3′ for Cre in Lyz2-Cre mice; and 5′-CCACTGGCCC ATCAGTGAGCATG-3′ for wild-type, 5′-CATCTTGTAGCACCTGCTGACCTGC-3′ for common and 5′-GCGGATCCTCGTATAATGTATGCTATACGAAGTTAT-3′ for loxP in Atg7 fl/fl mice. Animals were bred at the Laboratory Animal Facility in the Asan Institute for Life Sciences under specific pathogen-free conditions and maintained at a constant ambient temperature (22 ± 1°C) with a 12:12-h light:dark cycle. Animals were housed 3-5 per cage with ad libitum access to food and water. All experiments were designed to minimize the number of animals used, and all procedures were carried out in accordance with the Institute of Laboratory Animal Resources (ILAR) 'Guide for the Care and Use of Laboratory Animals'. This study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Asan Institute for Life Science (approval number 2014-02-022).
Mouse behavior tests
Detailed materials and methods are provided in the Supplementary Information.
Cell cultures
Microglia were isolated from mixed primary glial cultures that were obtained from the cerebral cortices of 3-day-old mice as previously described. 31 Primary cultures of mouse cortical neurons were prepared from the brains of embryonic day 16 pups as previously described. 32 Detailed materials and methods are provided in the Supplementary Information.
Western blot and other experiments
Western blots were performed according to standard methods under denaturing and reducing conditions as previously described. 33 Detailed materials and methods are provided in the Supplementary Information. 
RESULTS

Generation of mice with Atg7-deficient microglia
To investigate the contribution of microglial autophagy to synaptic refinement and ASD, we produced Atg7 fl/fl ;Lyz2-Cre mice. In these mice, Atg7, which is vital for autophagy, is deleted in myeloid lineage-specific lysozyme M-expressing cells as previously described. 34 By crossing Atg7 fl/fl ;Lyz2-Cre mouse with ROSA26-tdTomato reporter mice harboring loxP-STOP-loxP sequences before the tdTomato gene, we visualized the Cre-expressing microglia. As shown in the sagittal plane of Atg7 fl/+ ;Lyz2 Cre/+ ; ROSA26-tdTomato mouse brain at postnatal day 7, Tomatoexpressing microglia were detected in all brain regions ( Figure 1a Mice with Atg7-deficient microglia show impaired social interaction and repetitive behavior Autism is defined by impaired social interaction and communication, and repetitive behaviors. First, we examined whether Atg7 fl/fl ; Lyz2-Cre mice showed abnormal social interaction. In the threechamber social interaction assay, Atg7 fl/fl ;Lyz2-Cre male mice did not show any preference for stranger 1, whereas control male mice spent significantly more time with stranger 1 than with the empty cup, indicating that Atg7 fl/fl ;Lyz2-Cre mice displayed autistic-like impairment of social interaction (Figure 2a ). When the empty cup was occupied with another novel mouse (stranger 2), both control and Atg7 fl/fl ;Lyz2-Cre mice preferred to explore around stranger 2 ( Figure 2b ). There were no differences between the groups in the total distance travelled during each test (Figures 2a-c) . Similar to male mice, female mice also showed deficient sociability (Supplementary Figure S1) . These results show that mice with autophagy-deficient microglia have impaired sociability but normal social recognition. Next, we assessed the marble-burying test and nest-building behaviors. Atg7 fl/fl ;Lyz2-Cre mice buried more marbles than the controls (Figure 2d ), reflecting increased repetitive behavior, which is one of the features of ASD. Atg7 fl/fl ;Lyz2-Cre mice also had worse nest-building scores than controls ( Figure 2e ).
Increased dendritic spine density in mice with Atg7-deficient microglia We hypothesized that the autistic-like behavior observed in Atg7 fl/fl ;Lyz2-Cre mice was owing to dysfunctional synaptic pruning by microglia during early brain development. Microglia have a crucial role in the development of functional brain connectivity by eliminating unnecessary synapses through phagolysosomes during the first 3 weeks of life. 15 To test our hypothesis, we used a Golgi-Cox staining method to measure the numbers of dendritic spines in the primary auditory cortex (A1) and secondary somatosensory cortex (S2), which are considered the temporal cortices of mice. 11, 35 At postnatal day 15, when synaptic pruning is frequent, dendritic spine numbers in basal segments were significantly increased in Atg7 fl/fl ;Lyz2-Cre mice compared with control animals (Figure 3a ). In parallel, the protein level of PSD95 was significantly higher in Atg7 fl/fl ;Lyz2-Cre mice than in control mice (Figures 3d and e) . Furthermore, we also found a higher protein level of SHANK3, a member of the SHANK family of postsynaptic density proteins, than in control mice ( Figure 3d ). Because SHANK3 is a key protein in synaptic scaffolding and imbalanced synaptic signaling may be involved in ASD, 36 it is possible that the imbalance in SHANK proteins and the resulting signaling cascades induced the autistic-like behaviors observed in Atg7 fl/fl ;Lyz2-Cre mice. Again, we confirmed higher PSD95 immunoreactivity in the brain sections of Atg7 fl/fl ;Lyz2-Cre mice than in the controls (Figure 3b) . By double-labeling with PSD95 antibody and Iba-1 antibody, we found abundant co-localizations of PSD95-and Iba-1-positive immunoreactivities in Atg7 fl/fl ;Lyz2-Cre mice compared with control animals. When stained with an antibody ;Lyz2-Cre mice did not show any preference for stranger 1 (S1), whereas Atg7 fl/fl mice spent more time in contact with S1 than an empty cup (E). No difference was observed in the total distance travelled between groups for 10 min. n = 12 for each group. , n = 8 for Atg7
fl/fl ;Lyz2-Cre. (e) Atg7 fl/fl ;Lyz2-Cre mice buried more marbles than control mice in a 30-min period in the marble-burying test. n = 7 for each group. *P o0.05, **P o0.01, ***P o0.001. NS, not significant (two-tailed Student's t-test).
against synaptophysin, a presynaptic marker, Iba-1 and synaptophysin co-localizations were also more frequently detected in Atg7 fl/fl ;Lyz2-Cre mice than in controls (Figure 3b ). At postnatal day 12, we quantified the number of engulfed PSD95-positive puncta per microglia in the cortical area (Figure 3c ). Engulfed PSD95-positive puncta were quantified in high-resolution three-dimensional projections of each microglia constructed from a confocal z-stack. The numbers of PSD95-positive puncta in Atg7 fl/fl ;Lyz2-Cre mice were significantly higher than in controls (Figure 3c) .
In Atg7 fl/fl ;Lyz2-Cre mice, the protein levels of autophagy markers including LC3 (light chain-3)-II and p62 were significantly ;Lyz2-Cre mice, the LC3-II intensity was decreased and that of p62 is increased compared with Atg7 fl/fl mice. n = 5 for each group. *P o0.05, **Po 0.01, ***P o0.001 (two-tailed Student's t-test).
different from those of controls (Figure 3d) . In western blot analysis, LC3-II, an autophagosome marker, was significantly decreased in Atg7 fl/fl ;Lyz2-cre mice and p62, a protein substrate for autophagy used for monitoring autophagic turnover, 37 was significantly increased, reflecting the impaired autophagy in microglia. Taken together, we speculated that autophagy deficiency in microglia during early development results in increased dendritic spines because of reduced microglial autophagymediated elimination.
Impaired degradation of synapses and increased numbers of immature synapses owing to atg7-deficient microglia To investigate synaptic pruning by microglial autophagy in more detail, primary microglia were cultured from Atg7 fl/fl or Atg7 fl/fl ; Lyz2-Cre mouse pups. We then treated microglial cultures with synaptosomes isolated from red fluorescent protein (RFP)-expressing mice to observe the degradation capacity of wild-type and atg7-deficient microglia (Figure 4) . Western blots from cell lysates of cultures incubated for 12 h with synaptosomes showed that synaptophysin was increased in atg7-deficient microglia, indicating that synaptosome degradation was inefficient and delayed in atg7-deficient microglia compared with wild-type microglia (Figure 4a ). Microtubule-associated protein LC3-II, an autophagosome marker, was decreased in atg7-deficient microglia, showing that autophagosome formation was impaired in atg7-deficient microglia (Figure 4a ). RFP from synaptosomes accumulated more in atg7-deficient microglia than in wild-type microglia (Figure 4b ), similar to the western blot results (Figure 4a ). Immunocytochemistry with LC3 showed that the punctate forms of LC3, which represent autophagosomes, were increased in wild-type microglia and co-localized with RFP to a certain extent (Figure 4b ), suggesting that autophagic processes are involved in the degradation of synapses. However, atg7-deficient microglia show few LC3 puncta and its scarce co-localization with RFP.
We next co-cultured primary mouse neurons with microglia from Atg7 fl/fl or Atg7 fl/fl ;Lyz2-Cre mice to investigate the effects of microglial autophagy on the development of neurons. Similar to previous results (Figures 3 and 4) , synaptophysin accumulation was more prominent in atg7-deficient microglia (Figure 5a) , further confirming the impaired synapse degradation in autophagy-deficient microglia. Synaptophysin puncta were increased in neurons co-cultured with atg7-deficient microglia (Figure 5b ), similar to the in vivo results (Figure 3 ). MAP2-positive dendritic filopodia were also increased in neurons co-cultured with atg7-deficient microglia (Figure 5c ), suggesting that immature synapses were increased by autophagy-deficient microglia. Neurons co-cultured with atg7-deficient microglia also showed increased neurite thickness, formation of neurite fascicles and fragmented neurites (Supplementary Figure S2) . Interestingly, these changes were not always accompanied by direct contact with microglia, suggesting that there are additional humoral factors affecting synapse development beyond the direct effect of microglial autophagy on synapse degradation.
Alteration of anatomical and functional brain connectivity in mice with autophagy-deficient microglia Because deficient neuron-microglia signaling results in impaired functional brain connectivity, 10 and neuritic and synaptic changes were observed in the neurons and brains of mice with atg7-deficient microglia (Figures 3, 4 , 5 and Supplementary Figure S2 ), we explored brain connectivity using diffusion tensor imaging and resting-state functional magnetic resonance imaging ;Lyz2-Cre mice were cultured and isolated synaptosomes from red fluorescent protein (RFP)-expressing mouse brain were added to the microglial cultures. Western blots showed that synaptophysin is increased and LC3-II is decreased in atg7-deficient microglia compared with wild-type microglia. One-way analysis of variance with Tukey's post hoc test. F(3,11) = 355.40, Po0.001 (synaptophysin). F(3,11) = 57.19, P o0.001 (LC3-II). n = 3 for each group. (b, d) Immunocytochemistry of microglia showing that punctated forms of LC3 (green) were increased in wild-type microglia, with co-localization (yellow) of RFP-positive synaptosomes (red). LC3 signals were diffuse and the RFP signal was increased in atg7-deficient microglia compared with wild-type microglia. Scale bar = 20 μm. *P o0.05, **P o0.01, ***P o0.001 (two-tailed Student's t-test).
(fMRI). In the brains of Atg7
fl/fl ;Lyz2-Cre mice, mean diffusivity was increased in S2 (Supplementary Figure S3a) . This suggests that there are microstructural anomalies in several brain regions of Atg7 fl/fl ;Lyz2-Cre mice, which may affect anatomical and functional brain connectivity and may reflect the neuritic changes observed upon co-culture of neurons with atg7-deficient microglia (Supplementary Figure S2) . Correlation matrices calculated from global fMRI BOLD signal analysis showed a trend toward altered fMRI functional connectivity from S2 to other cortical areas. The functional connectivity was increased from S2 to the anterior cingulate cortex, and decreased from S2 to the prefrontal cortex in Atg7 fl/fl ;Lyz2-cre mice compared with control mice (Supplementary Figure S3b) . This further suggests that impaired microglial autophagy alters the microstructure and functional connectivity of brains, which may contribute to ASD pathogenesis.
DISCUSSION
In the present study, we show for we believe the first time that loss of autophagy in early developmental microglia impairs synaptic pruning and results in increased dendritic spine density, and the abnormal social interaction and repetitive behaviors indicative of ASD. Hence, autophagy in microglia has an important role in regulating synaptic homeostasis and neuropsychological behaviors (Supplementary Figure S5) .
Autophagy has been suggested to be involved in ASD pathogenesis. 22, 23 Tang et al. 11 recently discovered that autophagy is impaired in post mortem ASD temporal cortices by showing that the autophagosome marker LC3-II is decreased, and that the autophagy substrate p62 is increased. In addition, the phosphorylation of mTOR and its substrate is increased, indicating that mTOR is activated and able to inhibit autophagy. They further observed defects in synaptic pruning and ASD-like behaviors in the neuronal autophagy-deficient mice, showing that neuronal autophagy is important for regulating synaptic refinement and normal brain development. In addition, there may be another mechanism for synaptic pruning, namely, that microglia eliminates weak and inappropriate synapses by phagocytosis during postnatal development. 13, 15 Results showing impaired autophagy in the post mortem ASD brain 11 could be due to impaired autophagy not only in neurons, but also in glia, including microglia, because glia are more abundant than neurons. We showed here that microglial autophagy is also important in synaptic refinement and normal brain development (Figures 3, 4, 5) . Impaired microglial autophagy may contribute to the overall autophagy impairment in the brains of ASD patients. Microglia are the resident macrophages in the brain that constantly survey the neural environment for pathogens, foreign materials and apoptotic cells; accordingly, microglia are considered the principal immunoeffector phagocytes in the brain. 38, 39 Microglia not only degrade toxic materials, but also, once activated, secrete various inflammatory cytokines. 31, 40 In addition to this phagocytic and inflammatory role, microglia have been recently revealed to have important regulatory roles in the normal brain. Microglia heve a major role in synaptic refinement by pruning weak and inappropriate synapses during postnatal development. 13, 15 Compared with control mice, Atg7 fl/fl ;Lyz2-Cre mice showed increased dendritic spine density and synaptic markers, such as PSD95, SHANK3 and synaptophysin (Figure 3) . Hence, autophagy in microglia is important for refining synapses during development, with impaired autophagy reducing synaptic pruning and increasing unnecessary synapses. Microglia can also secrete some factors such as insulin-like growth factor 1 to regulate neurogenesis and support neuronal survival during development. 41, 42 Increased synaptic markers and dendritic filopodia, which reflect an inability of filopodia to properly mature into functional spines, as in ASD, 43 in the co-culture of neurons with autophagy-deficient microglia, even in the absence of direct contact with microglia ( Figure 5 and Supplementary Figure S2) , suggests that the microglial secretion of certain factors affecting neurites and synapses is regulated by autophagy.
Autophagy is a catabolic process that degrades a cell's own components, such as organelles or proteins, by capturing debris in double-membrane autophagosomes and fusing them with lysosomes. Notably, autophagic processes have recently been found to be involved in the degradation of not only a cell's own components, but also extracellular materials such as pathogens and dead cells. 31, 44, 45 Microglia deficient in atg7 show impaired degradation of synaptosomal fractions (Figure 4) , which may reflect a disturbance in synaptic pruning by microglia. Hence, the extracellular synapses engulfed by microglia during development can be degraded by autophagic processes in microglia. Autophagy is important not only for degrading materials, but also for regulating inflammation. 31, 44, 45 Macrophages are classified as classically activated (M1) or alternatively activated (M2) macrophages, which secrete pro-inflammatory and anti-inflammatory cytokines, respectively, and microglia can also be similarly classified. 46, 47 Autophagy in macrophages is important for regulating the M1/M2 phenotype and its impairment increases pro-inflammatory M1 polarization and decreases antiinflammatory M2 polarization. [48] [49] [50] [51] Increased inflammation and immune dysregulation is associated with ASD [52] [53] [54] and microglial activation is reported in ASD brains. [17] [18] [19] 21 Microglial autophagy is important for regulating the inflammatory status in the brain 31 and its impairment increases the expression of pro-inflammatory cytokines after LPS treatment (Supplementary Figure S4) . Hence, under some inflammatory conditions that may increase the possibility of ASD, 55, 56 impairment of microglial autophagy may aggravate the inflammatory condition, which may further affect ASD pathogenesis. Interestingly, autophagy, microglial activation and synaptic refinement by complement are also suggested to be involved in the pathogenesis of schizophrenia, [57] [58] [59] which would be an interesting issue to address in the future.
The prevalence of ASD differs between males and females. 60 Heterozygous ambra-1 deficiency results in autistic behaviors only in female mice, not in male mice. Activity-dependent neuroprotective protein (ADNP) is mutated in ASD patients and most male children with mutations, which to date, show more severe intellectual disability than females. [61] [62] [63] ADNP haploinsufficiency results in a severe cognitive impairment in male mice, whereas female mice are partially spared. 64, 65 Interestingly, ADNP is also expressed in microglia and is suggested to have compensatory protective functions against stressful conditions. 66 These properties might also be impaired by ASD mutations. Males have more microglia in certain brain areas, including the preoptic area, hippocampus, parietal cortex and amygdala, suggesting that microglia have a role in the sexual differentiation of the brain. [67] [68] [69] Although our experimental conditions revealed decreased sociability in both male and female mice with autophagy-deficient microglia (Figure 2 and Supplementary Figure 1) , there could be differences between males and females in the severity or susceptibility of autistic behaviors and synapse regulations according to context and environment, which should be addressed in the future.
There is a wide degree of variation in the way ASD affects people. Regarding cognitive functions, autism can exist with any level of intelligence. 70 Although intellectual disabilities are frequently accompanied by ASD, the proportion of ASD children who have IQs above 70 has increased. 71 Thus, it will be interesting to understand the neurobiological background of the difference between ASD with low and high cognitive functions. Mice with autophagy-deficient microglia showed ASD phenotypes such as decreased sociability and repetitive behaviors, but intact cognitive function such as normal social novelty (Figure 2b ). This feature may be a characteristic of the type of ASD caused by autophagydeficient microglia, which will be an interesting topic to address in future studies.
Various MRI studies have revealed abnormalities in anatomical and functional connections in the brains of ASD patients. [72] [73] [74] Defects in synaptic pruning by microglia during development result in reduced functional connectivity between brain regions and impaired social interaction. 10 We also observed that microstructural connectivity is altered and that functional connectivity is decreased in the brains of Atg7 fl/fl ;Lyz2-cre mice in diffusion tensor imaging and fMRI analysis, which may be related to synaptic alterations caused by autophagy-deficient microglia (Supplementary Figure S3) . Thus, autophagy in microglia may affect the functional connectivity between brain regions and the impairment of microglial autophagy results in reduced functional connectivity and ASD-like behaviors.
In summary, our findings reveal a role for microglial autophagy in synaptic pruning and maturation of neuronal connections during development and the formation of normal social behaviors. Increased dendritic spines and immature filopodia in neurons with autophagy-deficient microglia may contribute to ASD pathogenesis (Supplementary Figure S5) . Hence, regulation of microglial autophagy could be a strategy for ASD therapy and prevention.
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